Food shortages can leave diagnostic, and in the case of the dentition, irreversible changes in 15 mineralized tissue that persist into historical and fossil records. Consequently, developmental defects 16 of tooth enamel might be used to track ungulate population irruption but dental tissue's capacity for 17
Introduction 29
Mammalian teeth and skeletons contain a wealth of information about the life history of individuals 30 and thus can preserve information about populations. Slowed or interrupted growth results from 31 severe metabolic stress, such as might occur in association with an individual's birth, weaning, 32 episodes of disease, and poor nutrition. To test whether skeletal features track changes in population 33 density, we chose ungulates, the prey base of most human societies and terrestrial large mammal 34 carnivores for the past 50 million years. Ultimately, we hope to complement existing methods of 35 estimating carnivoran(B. Van Valkenburgh and Hertel 2017) and proboscidean (Fisher 2001 ) 36 population dynamics from skeletal material, allowing better characterization of Holocene and 37
Anthropocene ecosystems. Such an approach requires skeletal characters that can be sampled non-This is a provisional file, not the final typeset article destructively and have a high probability of surviving taphonomic processes. We identified such 39 characters using skeletal material from a well-characterized, insular moose (Alces alces) population 40
inhabiting Isle Royale National Park, Michigan. 41 42 Isle Royale, an approximately 544 km 2 island in Lake Superior, was colonized by moose early in the 43 twentieth century via a rare ice bridge. Isolated 90km off the shore of Ontario, the moose population 44 is unique in that both immigration and emigration are negligible and there is only a single predator, 45 the gray wolf (Canis lupus), that contributes to moose mortality. The lack of a complete predator 46 guild and steep declines in the wolf population have allowed the moose population to fluctuate, 47 punctuated by dramatic population crashes in 1934 and 1996 (Murie 1934) , isleroyalewolf.org). 48 Over the past 58 years, this isolated predator-prey system has been meticulously documented, 49
facilitating assessment of the effects of climate, population size, and predation on ungulate health and 50 mortality. Throughout this time period, Isle Royale's lowest moose population density has exceeded 51 that of nearby mainland areas, which often fall below 0.03 moose/km 2 [IRNP minimum 0.71; 52 mainland mean 0.55 +-.647] (Ripple and Beschta 2012). Resource limitation resulting from elevated 53 densities has been associated with decreased carcass weight in multiple North American moose 54 populations (Ferguson, Bisset, and Messier 2000) , and is argued to be the mechanism driving the 55 rapid dwarfing of the now century-old been linked to malnutrition. Reduced cranial size has been specifically associated with food shortages 63 driven by elevated population density (Hoy, Peterson, and Vucetich 2018) . Mandible length is of 64 particular interest as the mandible has a high growth priority over other bones shortly after birth that 65 slows only in the second year of life (Huot 1988 ). Prior to the 1996 Isle Royale population crash, 66
shortened mandibles were thought to be linked to elevated population densities (R. O. Peterson and 67 Holt 1996) as had been suggested for caribou (Reimers 1972 malnutrition can affect the development of tooth enamel during this interval both directly through 78 lack of forage, and indirectly, through an inadequately nourished mother. If foraging juveniles are 79 insufficiently nourished, tooth development will be slowed and/or interrupted, leaving diagnostic 80 features that persist into adulthood. In laboratory and domesticated animals, caloric restriction 81 produces lines of arrested growth (LAGs) in bones, delayed tooth eruption, malocclusion, changes in 82 mandibular shape, and dental enamel hypoplasias (Tonge 1965 The IRNP moose population has been unstable since the beginning of detailed study in 1959 ( Figure  141 1). Previous work suggests that a density greater than two moose per km 2 can result in stunted bone 142 growth, particularly in the length of the mandible(R. O. Peterson and Holt 1996) . In addition, the 143 carrying capacity of the island, as determined by browse availability surveys made between 1945 and 144 1970, was estimated to be 1000 moose (or 1.83 moose/km 2 ). We used the average of these two 145 density estimates (2,1.83) as our hypothesized density threshold (1.92) beyond which moose were 146 expected to show evidence of stress. Using year of birth to assign moose to high or low density 147 categories, there was a significant correlation between population density and skeletal/dental 148 characters. There is evidence that overpopulation and resource limitation can impact moose growth 149
during the year they are born, or during gestation (Palsson 1952; Solberg et al. 2004) or perhaps even 150 earlier because ungulate population growth has been linked to conditions two years prior to birth 151 (Patterson and Power 2002; Post and Stenseth 1998). We explored these other possible correlations 152
to assess which years of high density has the greatest effect on skeletal and dental growth. We 153 searched for correlations between our skeletal measures, DEH, and three possible years (birth, 154 gestation, two years prior to birth) to assign moose to high or low density intervals using the 155
Maximal Information Coefficient (MIC (isleroyalewolf.org) as well as Peterson (1950 Peterson ( , 1977 . We radiographed the mandibles of juveniles of 173 various ages ( Supplementary Figure 1) to supplement radiographs from Peterson (1950) . The interval 174 of tooth crown development was estimated as beginning in the first month in which radio-opaque 175 tissue was visible in the tooth crypt and ending when the full crown was visible to the level of root 176 bifurcation. These ranges were plotted alongside major life history events ( Figure 2 ) to assess which 177 tissues developed near the times of birth and weaning. Differences in male and female moose 178 development that contribute to size differences are also indicated as life history events. 179 180
Dental characters 181
All surveyed mandibles were radiographed in lateral view to reveal LAGs and root abnormalities. 182
Two observers (CER,CB) independently surveyed 138 IRNP mandibles as well as 71 ONT 183 mandibles (CB only) for six features: malocclusion, dental crowding, abnormal wear, tooth fracture, 184 hypomineralization, and dental enamel hypoplasias (DEH Figure 4) . ONT specimens were not included in two-or three-way mandible analyses 228 because many lacked sex data and were aged using the less reliable metric of tooth wear rather than 229 cementum annuli (Pérez-barbería 2014). However, we did compare the ONT specimens to 230 contemporaneous moose from IRNP period 1 using a bootstrapped two-group comparison. length also shows its steepest decline between periods 3 and 4 ( Figure 4 ). The differences in size and 254 DEH frequency over time suggest that overpopulation on IRNP had a negative impact on growth of 255 teeth and bones. This is further supported by the comparison of mainland and IRNP moose. The 256 frequency of DEH in IRNP moose ranges from 33% (period 1) to 81% (period 2) with a mean of 257 62.45% as opposed to 36% in the mainland moose sample. these were not evenly distributed across teeth and cusps (X 2 =473.37, df=5, n=418, p<.001) . The 269 premolar teeth are nearly free of hypoplasias whereas certain molar teeth, such as the m1 and m2, are 270 particularly prone to them ( Dental enamel hypoplasias were recorded in all IRNP periods, but the frequency distribution is 281 significantly uneven over time (X 2 =18.521, df=5, n=209, p<.001). DEH frequency peaks in period 2, 282 declines in period 3, and then rises slowly across periods 4 and 5 (Figure 3 ). This pattern is driven by 283 male moose; the proportion of females with enamel hypoplasias did not change significantly across 284 periods (males X 2 = 9.5065, df = 4, n=45; p-value = 0.04961; females X 2 = 4.9811, df = 4, n=33, p-285 value = 0.2892). If premolars are formed entirely after weaning, then the relative risk of forming a 286 defect increases once a moose stops nursing and forages. Risk of DEH in IRNP moose was also 287 elevated during both high-density periods relative to low-density periods, and relative to the ONT 288 sample (Table 2) . IRNP moose from high-density period 2 had the greatest risk of forming DEH, 289
particularly post-weaning hypoplasias that can be directly linked to insufficient forage. However, the 290 risk of more severe pit and missing enamel DEH morphologies was not significantly elevated in any 291 This is a provisional file, not the final typeset article period ( Table 3) , demonstrating that while presence of DEH was associated with population density, 292 DEH morphology was not. 293 294
Effect of age and sex of mandible and metatarsal lengths 295
Age, sex, population density, and the interaction between sex and population density all had a 296 significant effect on the length of the mandible (Table 3) . Pairwise investigations of sex, population 297 density and bone length showed that high population density had a significant effect on median male 298 mandible length (effect size= -5.28mm, 95% CI [-3.08, -9.33], p<0.001) but not median female 299 mandible length (effect size =-0.55mm, 96%CI [-1.82, 2.31], p=0.59). As expected for a dimorphic 300 species, male moose mandibles are significantly longer (Figure 4a,b) ; however the size difference is 301 halved under high-density conditions (median difference at low density= 10.29mm; high 302 density=5.33mm). Similarly, moose sex, population density and the interaction between sex and 303 density were significant contributors to adult metatarsus length. Two-way analysis of metatarsus 304 length, sex and density showed that population density, but not sex, had a significant association with 305 metatarsal length on its own. The fact that sex alone was not significant is surprising given the 306 mandible results and the overall size difference between males and females ( Figure 4 ). While some MIC values were significant, the scatter of points was very large and the 315 relationship detected by the MIC was both noisy and unclear when plotted. 316
Discussion 317
Both dental enamel and bone lengths reflected long-term population trends in the Isle Royale moose 318 population. Our analyses confirm that a moose density threshold exists on IRNP between 1.8 and 2 319 moose per km 2 , above which there is a significant decrease in mandible and metatarsus length and a 320 concomitant increase in enamel hypoplasias. Our study of IRNP moose demonstrated population-level changes in morphology, but also that there 415
can be discrepancies between tooth enamel and bone length data. Mandible and metatarsus length 416 tracked population density more closely than did DEH frequency (Figures 3-4 ). Within high density 417
periods, the maximum population density is matched by minimum average bone lengths. 418
Unexpectedly, moose from period 2 had the most frequent DEH and the greatest risk of incurring a 419 DEH suggesting an extended period of stress, but not the greatest reduction in bone lengths. Given that we conducted this study with a goal of applying our findings to ungulate populations 439 throughout the historical and paleontological record, the likelihood of preservation of characters is 440 just as important as their ability to record episodic stress. In the fossil record, dental hypoplasia 441 frequency, particularly during post-weaning, is likely to better preserve a record of historical 442 overpopulation than mandible or metatarsal length given the material properties of the tissues. 443
Skeletal measures tracked population irruptions with greater fidelity, however, teeth do not continue 444 to grow or remodel and are often preserved intact. Therefore, skeletal measures should be considered 445 in conjunction with dental development, particularly in the context of prehistorical applications. We 446 stress that the measures presented here provide only relative estimates of population density. Future 447 work will assess the impact of life history on susceptibility to DEH using additional cervid species. 
